To investigate the role of insulin signaling on postnatal cardiac development, physiology, and cardiac metabolism, we generated mice with a cardiomyocyte-selective insulin receptor knockout (CIRKO) using cre/loxP recombination. Hearts of CIRKO mice were reduced in size by 20-30% due to reduced cardiomyocyte size and had persistent expression of the fetal b-myosin heavy chain isoform. In CIRKO hearts, glucose transporter 1 (GLUT1) expression was reduced by about 50%, but there was a twofold increase in GLUT4 expression as well as increased rates of cardiac glucose uptake in vivo and increased glycolysis in isolated working hearts. Fatty acid oxidation rates were diminished as a result of reduced expression of enzymes that catalyze mitochondrial b-oxidation. Although basal rates of glucose oxidation were reduced, insulin unexpectedly stimulated glucose oxidation and glycogenolysis in CIRKO hearts. Cardiac performance in vivo and in isolated hearts was mildly impaired. Thus, insulin signaling plays an important developmental role in regulating postnatal cardiac size, myosin isoform expression, and the switching of cardiac substrate utilization from glucose to fatty acids. Insulin may also modulate cardiac myocyte metabolism through paracrine mechanisms by activating insulin receptors in other cell types within the heart.
Introduction
Insulin signaling is an important regulator of substrate metabolism in vertebrates (1) and may play a conserved role in the regulation of reproduction (2) (3) (4) and organ and body size in most eukaryotes (5) (6) (7) . In the heart, insulin has direct effects on glucose transport (8) , glycolysis (9) , glucose oxidation (10), glycogen synthesis (11) , and protein synthesis (12) . Insulin may also increase cardiac contractility (13) and may have an antiapoptotic effect on cardiomyocytes (14) . In vivo, many of the effects of insulin on cardiac metabolism and function are related to the systemic effects of insulin, such as increased peripheral and coronary vasodilatation (15, 16) , increased sodium and water uptake by the kidneys (17) , and changes in the delivery of substrates to the heart (18) . For example, insulin's antilipolytic effect will reduce the delivery of FFAs to the heart, which, in concert with increased intracellular malonyl coenzyme A (CoA) levels, reduce fatty acid oxidation rates (19) .
Diabetes is associated with profound changes in cardiac metabolism, characterized by diminished glucose utilization, diminished rates of lactate oxidation, and increased utilization of fatty acids as a metabolic substrate (20, 21) . Diminished glucose oxidation rates in cardiomyocytes occur as early as 48 hours after the induction of diabetes by streptozotocin (22) , and impaired transcription of the major cardiac glucose transporter GLUT4 is seen within 4 days after the induction of diabetes (23) . Reversal of these early changes by insulin administration suggests that impaired or absent insulin signaling may play a central role in the mechanism of these alterations. Furthermore, in hyperinsulinemic animal models of type 2 diabetes such as the Zucker diabetic (fa/fa) rat, impaired insulin signal transduction in cardiac muscle (24) is also associated with diminished glucose utilization and increased fatty acid utilization in the heart (25) . In all of these models it is difficult to separate the relative contribution of intrinsic defects in cardiomyocyte
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insulin signaling from potential confounding effects of altered systemic metabolism such as hyperglycemia and hyperlipidemia.
In an attempt to dissect the complex pathophysiology of insulin action in the heart, we have used cre/loxP recombination to specifically inactivate insulin signaling in cardiac myocytes in vivo in mice, while preserving insulin signaling in other cells such as endothelial cells, vascular smooth muscle cells, and liver and skeletal muscle cells (8, 26) . In this setting, we can discern the specific roles of insulin signaling on cardiac myocyte function and metabolism without vascular or systemic metabolic defects that could confound this analysis. Likewise, the model allows for an analysis of the effect of insulin on the heart in the absence of systemic effects of insulin deficiency, or the confounding systemic effects of insulin treatment as occur in many models of diabetes. Herein we find that mice with cardiomyocyte-selective insulin receptor knockout (CIRKO) exhibit significant reduction in myocyte size, persistence of fetal patterns of myosin gene expression, and metabolic features such as increased glycolysis and decreased fatty acid oxidation that are characteristic of the immature heart.
Methods
Generation of CIRKO mice. Mice with cardiomyocyteselective ablation of the insulin receptor (CIRKO) were generated by crossing mice that were homozygous for a floxed insulin receptor allele in which loxP sites flank exon 4 of the insulin receptor gene (IR lox/lox ) (26) with IR lox/lox transgenic mice in which cardiac-specific expression of cre recombinase was driven by the α-myosin heavy chain promoter (8) . CIRKO mice have the genotype Cre-IR lox/lox . Littermate controls have the genotype IR lox/lox . Genotyping of mice was performed as previously described (8, 26) . The Institutional Animal Care and Use Committees of the University of Utah, the Beth Israel Deaconess Medical Center, and Harvard Medical School approved all aspects of animal care and experimentation performed in this study.
Assessment of in vivo metabolism. Glucose tolerance tests were performed in awake mice after a 12-hour fast as described (8) . Metabolite assays were performed in random-fed mice. Blood glucose was measured with an Elite XL glucose meter (Bayer Corp., Elkhart, Indiana, USA). Plasma insulin was measured with the Rat Insulin ELISA Kit (CrystalChem Inc., Chicago, Illinois, USA) using rat standards. Plasma FFAs were measured using the NEFA-C kit (Wako Chemicals GmbH, Neuss, Germany) with oleic acid as the standard. Plasma triglycerides were measured using the GPO-Trinder colorimetric assay kit (Sigma Chemical Co., St. Louis, Missouri, USA).
Preparation of isolated cardiomyocytes. Mice were injected with heparin (100 U intraperitoneally) 30 minutes before sacrifice and then deeply anesthetized by intraperitoneal injection of 15 mg of chloral hydrate. The heart was rapidly excised and arrested in ice-cold buffer. The aorta was then cannulated and retrograde-ly perfused at constant pressure (60 mmHg) for 8-10 minutes with buffer (in mM): NaCl 126; KCl 4.4; MgCl 2 1.0; NaHCO 3 4.0; HEPES 10.0; 2,3-butanedione monoxime 30.0; glucose 5.5; pyruvate 1.8; CaCl 2 0.025; pH 7.3; and 0.9 mg/ml type I collagenase. The heart was then minced and myocytes dissociated by sequential washing in buffer with gradually increasing calcium concentration until a final concentration of 1 mM was achieved. The cells were gently pelleted by centrifugation and resuspended in a modified DMEM medium. For the determination of cell size, cells were kept in suspension at 37°C. For glucose transport assays and analysis of insulin receptor tyrosine phosphorylation, cells were plated in laminin-coated tissue culture wells. Studies commenced after waiting for 90 minutes to allow cardiomyocytes to settle and stick to the laminin.
Determination of cardiomyocyte size. Dissociated myocytes were allowed to settle onto a glass coverslip that forms the bottom of a flow-through bath that is incorporated onto the stage of an inverted microscope. Digital images of resting myocytes were recorded, and cell length, width, and area were measured on approximately 100 randomly selected myocytes from each heart (using NIH image software). The observer was blinded to the genotype of the mice from which the myocytes were obtained.
Immunoblotting. Post-nuclear membranes were prepared from cardiac muscle and immunoblotted for glucose transporter 1 (GLUT1) and GLUT4 as described (8) . Insulin receptor expression was evaluated in multiple mouse tissues following homogenization and immunoblotting as described (26) . For determining insulin receptor expression in isolated cardiomyocytes, cells were lysed in HES buffer (10 mM HEPES, 5 mM EDTA, 250 mM sucrose, 10 µg/ml aprotinin, and 10 µg/ml leupeptin). The lysate was then centrifuged for 90 minutes at 200,000 g at 4°C and the resulting pellet resuspended. The sample was subsequently resolved on 10% SDS-PAGE gels and insulin receptor expression determined with mouse IR-β antibody (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA). For determination of insulin receptor tyrosine phosphorylation, laminin-plated isolated cardiomyocytes were stimulated with 10 nM insulin for 5 or 10 minutes and the reaction stopped by adding 300 µl of ice-cold HES buffer. Samples were prepared as for immunoblotting, and tyrosine-phosphorylated proteins were immunoprecipitated with a phosphotyrosine antibody (Santa Cruz Biotechnology Inc.) using standard protocols (26) . Immunoprecipitates were then immunoblotted with the IR-β antibody as described above. All blots were scanned and analyzed by computerized laser densitometry (Molecular Dynamics, Sunnyvale, California, USA).
Histological analysis. Hearts were rapidly excised from deeply anesthetized mice, arrested in ice-cold buffer, perfused for 1 minute with Krebs-Henseleit buffer (KHB), and subsequently perfused for 2 minutes with 10% formaldehyde in PBS. The tissues were embedded in paraffin and sectioned at 5 µm. Sections were stained with hematoxylin and eosin (H&E) to assess the myofiber architecture and with trichrome to evaluate for differences in interstitial collagen.
Glucose uptake in isolated cardiomyocytes. Glucose transport assays were performed in triplicate in 12-well (22 mm diameter) laminin-coated tissue culture plates. Laminin-plated isolated cardiomyocytes were washed twice with 1 ml of glucose-free DMEM. Then 1 ml of glucose-free DMEM (37°C) containing 0-1 nM insulin or 0-100 nM IGF-1, 1 mM pyruvate, and 0.1% BSA was added. After 40 minutes, 10 µl of a 2-deoxyglucose mix containing 130 µl of glucose-free DMEM, 15 µl of a 100-mM 2-deoxyglucose solution, and 5 µl of a 1-µCi/µl 3 H 2-deoxyglucose (NEN Life Science Products Inc., Boston, Massachusetts, USA) was added. After 30 minutes, the medium was aspirated and the cells washed twice with 1 ml of cold PBS. Cells were lysed in 500 µl of NaOH 1N for 20 minutes at 37°C. A 40-µl aliquot of the lysed cells was used for measuring protein content solution using a Micro BCA Protein Assay Kit (Pierce Chemical Co., Rockford, Illinois, USA). A 400-µl aliquot of lysed cells was counted to determine the specific activity of 3 H 2-deoxyglucose.
Substrate metabolism in isolated working mouse hearts. Cardiac metabolism was measured in hearts isolated from 16-to 20-week-old CIRKO and age-matched control male mice. Hearts were prepared and perfused using protocols that have been extensively described (10, 21, 27, 28) . The working heart buffer was KHB containing (in mM) 118.5 NaCl, 25 NaHCO 3 , 4.7 KCl, 1.2 MgSO 4 , 1.2 KH 2 PO 4 , 2.5 CaCl 2 , 0.5 EDTA, and 11 glucose, gassed with 95% O 2 , 5% CO 2 and supplemented with 0.4 mM palmitate bound to 3% BSA and 11 mM glucose. Two series of experiments were performed: insulin-free perfusions, and perfusions in which insulin was added to the working buffer to a final concentration of 1 nM. For determination of metabolism, rates of glycolysis for exogenous glucose, glucose oxidation, and palmitate oxidation were measured over a 60-minute period in working hearts from wild-type and CIRKO mice that were perfused at a preload of 15 mmHg, and aortic pressures and cardiac performance were determined as described (10, 21) .
Throughout the 60-minute perfusion, pressure and flow measurements were obtained every 10 minutes. At 20-minute intervals (starting at 0 minutes), a 2.5-ml sample of buffer was withdrawn for determinations of metabolite content. All determinations of substrate metabolism for each time point were made in duplicate. At the end of the experiment, the hearts were quickly frozen between metal blocks cooled to -80°C, weighed, and stored at -80°C. A sample of heart tissue (∼20 mg) was cut from the heart, weighed (wet weight), and then dried to constant weight (dry weight). The ratio of this sample (dry to wet weight) was used to calculate the total dry mass of the heart.
Glycolysis and glucose oxidation were measured simultaneously in one set of hearts, while palmitate oxidation was measured in a separate set of hearts. Glycolytic flux was determined by measuring the amount of 3 H 2 O released from the metabolism of exogenous [5-3 H]glucose (specific activity = 400 Mbq/mol). Glucose oxidation was determined by trapping and measuring 14 CO 2 released by the metabolism of [U-14 C]glucose (specific activity = 400 Mbq/mol). Palmitate oxidation was determined in separate perfused hearts by measuring the amount of 3 H 2 O released from [9,10-3 H]palmitate (specific activity = 18.5 Gbq/mol); calculation of palmitate oxidation rates took into consideration the endogenous fatty acid content of the BSA in the perfusate. Metabolic rates were calculated using the total dry mass of the heart to correct for variations in heart size.
Measurement of cardiac glucose uptake in vivo. Cardiac 2-deoxyglucose uptake was determined in awake mice using a modification of the euglycemic glucose clamp technique as previously described (29) . To determine maximal insulin-stimulated glucose uptake, chronically catheterized mice were infused with insulin (5 mU/kg/min) and a 50% dextrose solution to maintain euglycemia, via a variable infusion pump. To determine basal glucose uptake, mice were infused with saline alone. After documenting that blood glucose values were stable for 10 minutes, a bolus injection of 2-deoxy-D-[1-3 H]glucose and [U-14 C]sucrose (400 pmol of each, 11 Ci/mmol and 667 mCi/mmol, respectively; Amersham Pharmacia Biotech Inc., Piscataway, New Jersey, USA) was administered. Clamps were continued for an additional 20 minutes, after which mice were euthanized with avertin and hearts and hindlimb muscles collected, weighed, and frozen in liquid nitrogen. The materials were processed and the rate of accumulation of intracellular 2-deoxyglucose determined as previously described (29) . Table 1 Primer and probe sequences used in real-time quantitative RT-PCR
Measurement of tissue glycogen and triglyceride content. Glycogen content was measured in 10-20 mg of heart tissue using a modification of the protocol of Chan and Exton (30) . Samples were dissolved in 0.3 ml 0.5N KOH and incubated at 95°C for 30 minutes. The glycogen, which was precipitated in Na 2 SO 4 and methanol, was then digested with amyloglucosidase (Sigma Chemical Co.), and the glucose produced was determined by using the Glucose (Trinder) assay kit from Sigma Chemical Co. Triglyceride content in cardiac tissue was measured after chloroform/ethanol extraction as described (31) .
RNA extraction and quantitative RT-PCR. RNA extraction and quantitative RT-PCR of samples were performed as described (32, 33) . Specific quantitative assays were designed from mouse sequences available in GenBank (Table 1 ). Primers and probes were designed from nonconserved sequences of the genes (allowing for isoform specificity), spanning sites where two exons join (splice sites) when such sites were known, thus preventing recognition of the assay to any potential contaminating genomic DNA. Standard RNA was made for all assays by the T7 polymerase method (Ambion Inc., Austin, Texas, USA), using total RNA isolated from the mouse heart. The correlation between the C t (the number of PCR cycles required for the fluorescent signal to reach a detection threshold) and the amount of standard was linear over at least a 5-log range of RNA for all assays (data not shown). Transcript levels for the constitutive housekeeping gene product β-actin were quantitatively measured in each sample, and PCR data are reported as the number of transcripts per number of β-actin molecules. Northern blotting was also performed as described (8) using species-specific cDNA probes (kindly provided by Daniel Kelly, Washington University School of Medicine, St. Louis, Missouri, USA) to validate the results of the RT-PCR and to determine the expression levels of carnitine palmitoyl transferase-1 (CPT-1) and medium-, long-, and very-long-chain acyl CoA dehydrogenases (MCAD, LCAD, and VLCAD, respectively). Blots were probed with GAPDH cDNA (Ambion Inc.) to correct for loading. Filters were exposed to a Phospho-rImager cassette and transcript abundance quantified by a PhosphorImager (Molecular Dynamics).
Mouse echocardiography. Transthoracic echocardiography was performed in mice lightly anesthetized with avertin (0.2 ml/10 g body weight). Heart rates are generally maintained at more than 400 per minute with this regimen. The chest hair was removed with a topical depilatory agent. Limb leads were attached for electrocardiogram gating, and the animals were imaged in the supine position with a 13-MHz linear probe (Vivid FiVe; GE Medical Systems, Milwaukee, Wisconsin, USA).Two-dimensional guided M-mode images were taken in both short and long axis projections. Left ventricular (LV) cavity size and wall thickness were measured in at least three beats from each projection and averaged. LV mass was calculated according to a standard cube formula (34) . LV systolic function was assessed by calculating fractional shortening and ejection fraction.
Statistical analysis. Data are expressed as mean ± SEM. Differences in glucose transporter expression, glucose uptake in isolated cardiomyocytes and in vivo, cardiac substrate metabolism, cardiac weights, and cardiac performance were analyzed by ANOVA, and significance was assessed by Fisher's protected least significant difference test. Differences in myocyte size and mRNA transcript levels were compared by the unpaired two-tailed t test. Statistical calculations were performed using the Statview 5.0.1 software package (SAS Institute Inc., Cary, North Carolina, USA).
Results
Evidence for cardiac-selective deletion of the insulin receptor. CIRKO mice were born with the expected mendelian frequency and survived to adulthood. Life expectancy, growth rates, and systemic metabolism were normal. Intraperitoneal glucose tolerance and fed serum concentrations of insulin, FFAs, and triglycerides were the same in CIRKO and age-matched control mice studied at 2 and 6 months of age (data not shown). Western blotting of whole heart homogenates revealed a faint insulin receptor signal in CIRKO mice as compared with wild-type controls, while insulin receptor protein could not be detected in blots of isolated cardiomyocytes ( Figure 1 ). This observation supports the notion that the faint band seen in cardiac homogenates originated in cell types other than cardiac myocytes. The absence of insulin receptor autophosphorylation in in vitro insulin-stimulated isolated cardiomyocytes confirmed the absence of insulin receptors in CIRKO cardiomyocytes ( Figure 1) .
Impact of absent insulin receptor signaling on cardiac size and structure. On gross inspection, the hearts of CIRKO mice were reduced in size (Figure 2 ). At 12 weeks of age, heart weight/body weight ratios were reduced by 22% and 28% in female and male CIRKO mice, respectively ( Table 2 ). There was a uniform reduction in cardiomyocyte size (Figure 2) . Myocyte length and width were reduced by 6% and 9%, respectively, resulting in a 12% decrease in myocyte area. If myocytes are assumed to be cylindrical, then the change in myocyte size observed would produce a 21% decrease in cardiomyocyte volume in CIRKO mice, relative to controls. Thus, the
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The reduction in myocyte size alone may be sufficient to explain the lower cardiac mass in CIRKO mice, although a decrease in cell number cannot be completely ruled out. With the exception of the decrease in myocyte size, histological evaluation of CIRKO hearts ( Figure 3 ) was otherwise normal, and there was no discernible difference in cardiac collagen content as assessed by trichrome staining. Impact of absent insulin receptor signaling on glucose transport in isolated cardiac myocytes. In CIRKO mice, GLUT1 expression in the heart was reduced by 40-50% relative to controls ( Figure 4 ) and basal glucose uptake in isolated cardiac myocytes from CIRKO was reduced in parallel ( Figure 5 ), despite increased GLUT4. The twofold increase in GLUT4 ( Figure 4 ) was unexpected. Physiological concentrations of insulin (0.1 nM) caused no change in glucose uptake in CIRKO myocytes but stimulated a 3.2-fold increase in glucose uptake in wildtype cardiac myocytes. An insulin concentration of 1.0 nM increased glucose uptake further (4.4-fold over basal) in wild-type myocytes, and in CIRKO myocytes produced a small (37%) statistically significant increase in glucose uptake ( Figure 5 ). IGF-1 increased glucose uptake in wild-type cardiac myocytes 1.9-and 4.4-fold at 10 and 100 nM, respectively. In CIRKO cardiac myocytes, IGF-1 increased glucose uptake 1.8-and 8.3fold at 1 and 10 nM, respectively. Absolute rates of glucose uptake at 10 nM were similar in CIRKO and wildtype myocytes. There was no additional increase in glucose uptake in CIRKO myocytes treated with 100 nM IGF-1, which may reflect the possibility that at this concentration, IGF-1 signals via insulin receptors, which are absent in CIRKO cardiomyocytes.
Impact of absent insulin receptor signaling on substrate metabolism in isolated working hearts and on cardiac glucose uptake in vivo. To more fully characterize the role of insulin signaling in regulating myocardial metabolism, rates of glycolysis, glucose oxidation, and palmitate oxidation and tissue content of glycogen and triglyceride were measured in isolated working hearts of CIRKO and control mice perfused with or without 1 nM insulin. In wild-type hearts, insulin increased glycolytic rates from 3,470 ± 338 to 4,915 ± 477 nmol/min/g dry weight (P < 0.05). In CIRKO hearts, basal rates of glycolysis (4,958 ± 187 nmol/min/g dry weight) were significantly higher than in wild-type mice and were similar to the glycolytic rates in insulin-stimulated wild-type hearts. Glycolytic rates in CIRKO hearts did not increase further when the hearts were treated with insulin ( Figure 6 ). Glucose uptake in vivo paralleled the changes in glycolysis that were observed in isolated working hearts. In wild-type mice, insulin administration resulted in a 46% increase in cardiac glucose uptake (P < 0.04). In CIRKO mice, basal rates of cardiac glucose uptake were 68% percent higher than in wildtype (P < 0.005) and did not change further with insulin administration ( Figure 6 ).
In wild-type hearts, insulin increased glucose oxidation rates by 24% from 1551 ± 112 to 1927 ± 226 nmol/min/g dry weight (P < 0.05). In CIRKO hearts, basal rates of glucose oxidation were 30% lower than in wild-type hearts (P < 0.05), but, surprisingly, insulin increased glucose oxidation rates by 63% from 1115 ± 226 to 1824 ± 426 nmol/min/g dry weight (P < 0.05), a rate similar to that observed in insulin-treated wild-type hearts ( Figure 6 ).
In wild-type hearts, insulin decreased palmitate oxidation rates by 46% from 703 ± 232 to 382 ± 46 nmol/min/g dry weight (P < 0.05). In CIRKO hearts, basal rates of palmitate oxidation were 34% lower than basal rates in wild-type (P < 0.05) and did not change further after insulin stimulation. To investigate the possibility that differences in the utilization of endogenous triglycerides could account for the decreased dependence of CIRKO hearts on exogenous long-chain fatty acid substrates, cardiac tissue levels of triglycerides in hearts of random-fed CIRKO mice were meas- ured immediately postmortem. There was no difference in cardiac triglyceride content between wild-type and CIRKO mice (2.83 ± 0.34 vs. 2.98 ± 0.45 µg lipid/mg heart weight, respectively).
Glycogen content in wild-type hearts perfused in the presence and absence of insulin were also similar. CIRKO hearts perfused without insulin had 2.3 times the glycogen content of wild-type hearts (P < 0.05). Insulin administration reduced glycogen levels to those seen in the wild-type ( Figure 6 ).
Cardiac function. Cardiac performance was determined concurrently with metabolic measurements in isolated hearts and is summarized in Table 3 . Cardiac output was about 36% lower in CIRKO mice. After adjusting for heart weight, the difference was only 15%, and this remained statistically significant only in the insulin-treated cohort. Similarly, cardiac power, which is determined by cardiac output and developed pressure, was modestly reduced in CIRKO mice. Echocardiographic assessment of CIRKO and wildtype mice is summarized in Table 4 . CIRKO mice exhibited an increase in LV systolic dimension without any change in diastolic dimension. Thus, fractional shortening and ejection fraction were reduced by 29% and 12%, respectively, in CIRKO mice relative to age matched controls (P < 0.02).
Impact of absent insulin signaling on the expression levels of genes that regulate substrate metabolism and energy utilization. To gain additional insight into the molecular mechanisms responsible for the metabolic phenotype of CIRKO hearts, the steady-state expression levels of CPT-1, and the enzymes (MCAD, LCAD, and VLCAD) that are involved in catalyzing the first step in mitochondrial fatty acid β-oxidation (35) , and one of their transcriptional regulators PPARα (36) were determined. In addition, expression levels of pyruvate dehydrogenase kinase 4 (PDK4), which is an important negative regulator of pyruvate dehydrogenase (PDH) (37), were determined (Figure 7) . In CIRKO hearts, MCAD expression and VLCAD expression were reduced by 40% and LCAD expression by 25% (P < 0.05), and there was a trend toward decreased expression of PPARα (26% reduction) relative to wild-type hearts. CPT-1 expression was unchanged (data not shown). PDK4 expression was slightly reduced in CIRKO mice (by 26%, P = 0.2), rendering it unlikely that PDK4 is involved in the mechanism for reduced glucose oxidation rates in non-insulin-stimulated CIRKO hearts. To explore the hypothesis that altered metabolic signaling by insulin may play a role in the developmental switch from β-myosin heavy chain (β-MHC), with lower intrinsic ATPase activity, to α-MHC, with higher intrinsic ATPase activity, that occurs shortly after birth (38) , expression levels of β isoforms of the MHC genes were determined. In CIRKO hearts, β-MHC expression was fourfold higher than in controls (Figure 7 ).
Discussion
By deleting insulin receptor expression in the early postnatal heart, we have discovered an important role for insulin signaling in regulating the developmental changes that characterize the transition from the immature to the mature heart. Specifically, postnatal cardiac growth is reduced, and there is persistence of a fetal pattern of cardiac metabolism characterized by increased glycolysis, reduced rates of fatty acid oxidation, and persistent expression of the fetal myosin isoform β-MHC. Furthermore, we provide evidence sug-
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The gesting that insulin may regulate metabolism in cardiac muscle through paracrine mechanisms.
Much is known about the signaling mechanisms that mediate "pathological" cardiac hypertrophy in response to environmental stimuli (39) . Less is known about the factors that regulate normal adult cardiac size. Cell division in the heart ceases shortly after birth, and the postnatal heart increases its size by hypertrophy of existing cardiomyocytes (40) . Although IGF-1 signaling may regulate cardiac size by controlling myocyte number (41) , the present study strongly suggests that the insulin-signaling pathway may be a key regulator of postnatal cardiac growth. Thus, in CIRKO mice, heart weight/body weight ratios were reduced by 22-28%, and this appears to be due to a decrease in myocyte size rather than number. The role of insulin in cardiomyocyte cell size regulation is supported by studies of Drosophila with disrupted insulin signaling (6) and of mice with targeted deletion of insulin receptor substrate-1 (IRS-1) or IRS-2 (7, 42) , which indicate conserved roles for insulin signaling in the determination of organ size. This effect may be mediated by phosphoinositide 3OH-kinase (PI3K), a downstream mediator of many receptor tyrosine kinases including the insulin and IGF-1 receptors. Inhibition of PI3K function in the hearts of mice using a dominant negative transgene results in a phenotype that is similar in certain respects to that of CIRKO mice (43) . Dominant negative PI3K transgenic mice have heart weight/body weight ratios that are 16% less than those of controls, and myocyte surface areas that are reduced by 18%. Thus, impaired PI3K activity could represent one mechanism for the cardiac size phenotype in CIRKO mice.
Our data suggest that insulin signaling may play an important role in the metabolic switch from predominant glucose metabolism, as seen in neonatal hearts, to fatty acid metabolism that characterizes the adult heart. One mechanism for this transition is increased expression of genes that regulate the rate of fatty acid oxidation, mediated in part by PPARα, a positive transcriptional regulator of these genes (36) . We observed that the expression levels of MCAD, LCAD, and VLCAD were significantly reduced in the hearts of CIRKO mice, but that expression levels of CPT-1 were unchanged.
Figure 5
Glucose transport in isolated cardiomyocytes. Left panel shows 2-deoxyglucose uptake in response to insulin stimulation at the concentrations shown. Right panel shows 2-deoxyglucose uptake in response to IGF-1 stimulation at the concentrations shown. Data are obtained from cardiomyocytes obtained from 12-week-old male CIRKO and age-matched controls and represent three independent experiments performed in triplicate. Data are means ± SE. *P < 0.0001 vs. WT treated with equivalent dose of insulin or IGF-1, **P < 0.004 vs. 1 nM IGF-1, ***P < 0.0005 vs. 10 nM IGF-1, † P < 0.0001 vs. basal of same genotype, ‡ P < 0.001 vs. 1 nM IGF-1, # P < 0.002 vs. 0.1 nM insulin, ## P < 0.01 vs. basal of same genotype.
Figure 6
Cardiac metabolism in isolated working hearts, and in vivo glucose uptake in CIRKO and control mice. Average rates of glycolysis, glucose oxidation, fatty acid oxidation, and glycogen content after 60 minutes of perfusion and in vivo cardiac 2-deoxyglucose uptake are shown in the panels as labeled. All studies were performed in 16-to 20week-old male CIRKO mice and littermate controls. In the isolated heart studies, equal numbers of CIRKO and control mice were studied in each experiment. Numbers of animals studied are as follows. Without insulin: glucose oxidation and glycolysis, n = 5; fatty acid oxidation, n = 4; glycogen, n = 9. With insulin: glucose oxidation and glycolysis, n = 7; fatty acid oxidation, n = 6; glycogen, n = 13. For the in vivo 2-deoxyglucose uptake studies, numbers of mice are n = 4 and 5 (WT, basal and insulin, respectively) and n = 4 and 3 (CIRKO, basal and insulin, respectively). Data are means ± SE. *P < 0.05 vs. basal, † P < 0.05 vs. WT.
PPARα expression was only marginally reduced. Taken together, the normal expression of CPT-1 and the marginal change in PPARα suggest that alternative transcriptional pathways may be involved in the ability of insulin to regulate the expression of genes involved in regulating mitochondrial β-oxidation. Transcription of the MCAD gene is negatively regulated by Sp1 and COUP-TF (44) . Activation of Sp1, which is a glucosesensing transcription factor (45), could potentially contribute to the repression of MCAD expression and the induction of β-MHC expression in CIRKO mice. β-MHC expression, which is classically induced during pressure overload cardiac hypertrophy (46) , is also increased by cardiac atrophy (as develops in heterotopically transplanted hearts) (33) and in rats with type 1 diabetes (47) . A unifying mechanism in all of these models is discordance between glycolytic flux and glucose oxidation. This results in accumulation of glucose metabolites (such as products of the hexosamine biosynthetic pathway) that glycosylate and activate glucose-sensing transcription factors such as Sp1, which in turn increases β-MHC transcription (44) . Indeed, carbohydrate restriction prevents the induction of β-MHC in rats with pressure overload hypertrophy (48) . The possibility therefore exists that a critical mechanism that is operational in CIRKO mice is the upregulation of glucose transport (via increased GLUT4 expression), which in turn leads to increased glycolysis that may secondarily trigger fetal programs. Therefore, it will be important in future studies to analyze Sp1 and other glucose-sensing transcription factors in the CIRKO mouse to determine whether these transcriptional pathways are central to the developmental regulation of myosin isoform expression and substrate utilization in the heart by insulin. Insulin suppresses fatty acid oxidation rates in normal hearts. This is mediated in part by the ability of insulin to increase glucose utilization. Increased glucose metabolism leads to an increase in intracellular malonyl CoA, which in turn inhibits fatty acid oxidation via reversal of the Randle's cycle (49) . Intracellular concentrations of malonyl CoA were not measured in the present study, but, given the diminished rates of glucose oxidation in CIRKO hearts perfused in the absence of insulin, a decrease in malonyl CoA concentrations would be expected, which would in turn be associated with increased rates of fatty acid oxidation. Thus it could be expected that fatty acid oxidation rates may increase in the absence of insulin signaling in the heart. In contrast, despite lower basal rates of glucose oxidation, fatty acid oxidation in CIRKO hearts was depressed. Thus, in addition to its acute effect in regulating cardiac fatty acid metabolism, insulin also plays an important role in regulating the basal expression of mitochondrial β-oxidation enzymes that in turn control fatty acid metabolic flux in the heart.
The CIRKO mouse also provided novel insight into the regulation of glucose transporter expression by insulin and the relative roles of GLUT1 and GLUT4 in mediating basal cardiac glucose uptake. Diabetes is associated with reduced levels of GLUT1 and GLUT4 in the heart (50, 51) . Forty-eight hours of fasting in rats also leads to downregulation of cardiac GLUT1 expression (52) , whereas euglycemic hyperinsulinemia leads to upregulation (53) . Activation of the ras-mitogen-activated protein kinase (ras-MAPK) pathway leads to increased GLUT1 transcription in vitro (54) . Thus, our findings of reduced GLUT1 expression in CIRKO hearts support prior studies that point to an important role for insulin signaling in the regulation of cardiac GLUT1 expression, and they suggest that deficiency of insulin or insulin action may be an important mechanism for reduced GLUT1 expression in the myocardium in diabetes. Acute insulin deficiency results in a rapid reduction in the expression of a GLUT4 promoter transgene in mice, and this decrease is readily reversed by insulin administration 636
The 23) . By contrast, our finding of an increase in the abundance of GLUT4 proteins in the hearts of CIRKO mice suggests that deficient insulin signaling is not responsible for the reduction in GLUT4 levels in the heart in diabetes. Taken together, these data suggest that the changes in GLUT4 expression previously noted in models of insulin-deficient diabetes may be due to the rapid induction of hyperglycemia or other systemic metabolic effects and their reversal by insulin, as opposed to a direct effect of insulin on GLUT4 promoter activity per se. The CIRKO mouse is therefore an important model with which to further study the mechanisms by which GLUT4 expression in the heart is regulated in vivo. The observations regarding diminished basal glucose uptake in isolated CIRKO cardiomyocytes, and the divergent evidence for increased glucose uptake in vivo or in working hearts, shed important insight into the relative roles of GLUT1 and GLUT4 in the regulation of cardiac glucose uptake. In noncontracting cardiomyocytes, downregulation of GLUT1 expression in CIRKO mice is associated with a proportionate reduction in basal cardiac glucose uptake. In contrast, in the intact heart in vivo and in isolated working hearts, there is clear evidence that glucose uptake and glycolysis are increased despite a reduction in GLUT1 expression. We believe that the basis for increased glucose uptake in CIRKO hearts is increased translocation of the expanded GLUT4 pool, stimulated in part by cardiac contraction. These observations are supported by similar findings in transgenic mice with increased cardiac expression of GLUT4 (10) . Furthermore, in mice with cardiac-restricted GLUT4 deletion, studied after an overnight fast, cardiac glucose uptake is markedly reduced, despite a threefold increase in GLUT1 expression (55) . Thus, although GLUT1 may be the major mediator of basal cardiac glucose uptake in quiescent cardiomyocytes, GLUT4 may be a more important regulator of glucose uptake in the contracting heart.
The reduced rates of glucose oxidation in CIRKO mice perfused without insulin are similar to reduced rates of glucose oxidation observed in the hearts of diabetic animals (21) . Thus the possibility exists that diminished insulin signaling in the myocardium is an underlying mechanism for reduced glucose oxidation rates in the heart in diabetes. Diminished activity of the PDH complex, mediated in part by increased expression of PDK4, is one mechanism that has been implicated in diabetes (37) . PDK4 expression was not increased in the hearts of CIRKO mice. We did not directly measure the activity of PDH in the present study; thus, reduced activity of PDH cannot be ruled out in this model. The increase in myocardial glucose oxidation observed after insulin stimulation was unexpected and indicates, for the first time to our knowledge, that the ability of insulin to increase glucose oxidation in heart muscle might not be mediated by insulin receptors in the cardiomyocyte. Insulin receptors are present in the vascular endothelium (56) , and insulin has been shown to be a potent vasodilator of the coronary vascular bed (16) . Indeed, coronary flow was significantly higher in insulin-treated CIRKO animals than in controls. Although it is unlikely that increased coronary flow can account for the increase in glucose oxidation, it is possible that mediators such as nitric oxide, which can be released from endothelial cells following insulin stimulation, may stimulate glucose oxidation (56) . This is supported by observations that nitric oxide increases glucose uptake and glucose oxidation rates in isolated rat soleus muscle (57) . In isolated cardiac myocytes, absolute rates of glucose uptake following treatment with 10 nM IGF-1 were similar in CIRKO and wild-type myocytes. Thus the possibility also remains that the unexpected increase in glucose oxidation rates in CIRKO hearts perfused with 1 nM insulin reflects signaling via IGF-1 receptors.
Goodwin et al. demonstrated that the glucose moieties destined to be oxidized in the heart preferentially arise from breakdown of glycogen (58) . Thus, increased glycogen content in non-insulin-stimulated CIRKO hearts may be secondary to lower basal rates of glucose oxidation. The subsequent decline with insulin administration may reflect mobilization of glycogen in the face of the insulin-stimulated increase in glucose oxidation. Nitric oxide also regulates glycogen metabolism in skeletal muscle and liver by inhibiting glycogen synthesis and stimulating glycogenolysis (59, 60) . Thus it is possible that this mechanism plays a role in decreasing the glycogen content in insulin-stimulated CIRKO hearts. In normal hearts, this effect is masked because the direct effect of insulin signaling in the myocardium increases glycogen synthesis that would counterbal-
Figure 7
Gene expression analysis in CIRKO hearts. mRNA levels of MCAD, LCAD, VLCAD, PPARα, PDK4, and β-MHC in hearts of WT and CIRKO mice. Real-time PCR data were obtained from four CIRKO and four WT littermate controls, and for Northern blot analysis from three CIRKO and three WT. Each transcript was analyzed in duplicate. Data are means ± SE. *P < 0.05, **P < 0.0007 vs. WT.
ance the nitric oxide-mediated effect. Future studies in this and other models, such as mice with absent insulin signaling in endothelial cells or other cell types such as smooth muscle cells, should provide additional mechanistic insight into insulin's ability to regulate cardiac myocyte glucose metabolism in a paracrine fashion.
Cardiac function was mildly reduced in isolated CIRKO hearts ex vivo and in vivo. It is possible that the reduced rates of fatty acid oxidation in CIRKO mice might lead to reduced production of ATP and phosphocreatine, which are not offset by increased glycolytic ATP production. The methodologies used in this study do not allow for direct measurements of high-energy phosphates in the heart. This issue can be addressed more directly in future studies using NMR spectroscopy, which would also allow for an analysis of the role of alternate substrates such as ketone bodies and lactate in the metabolic phenotype of CIRKO mice. It is likely that reduced cardiac function in vivo is at least partly the result of diminished cardiac mass, as evidenced by preserved contractile function of CIRKO cardiomyocytes in the absence of loading (61) .
In summary, we have shown that insulin signaling is a critical determinant of adult cardiac size and plays an important developmental role in the regulation of myosin gene expression and substrate preference by the heart. Thus, insulin signaling may represent an important link between cardiac substrate utilization and the expression of genes that determine energy generation and energy consumption.
